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ABSTRACT

The heat and vorticity transports by synoptic-scale eddies at various levels between 1000 and 100 mb have
been compiled for each winter month of the 1966-84 period using time-filtered daily analyses produced by the
U.S. National Meteorological Center. These circulation statistics were used to compute the three-dimensional
distributions of the quasigeostrophic geopotential tendency and vertical motion induced by baroclinic and
barotropic eddy processes in individual months. The latter fields serve as the basis for describing the synoptic-
scale eddy forcing associated with the leading modes of month-to-month variability of the storm tracks over
the North Pacific and North Atlantic. These modes are associated with the meridional displacements of the
storm-track axes from their climatological positions.

The placement of a storm track at a certain latitude ¢ in a certain month is accompanied by enhanced
convergence of eddy heat fluxes poleward of ¢. In the tropospheric column poleward of the storm track, this
baroclinic eddy forcing leads to positive geopotential tendency near the tropopause and negative geopotential
tendency near sea level, as well as strong positive temperature tendency and rising motion. In the same month,
the convergence of eddy vorticity transport is also enhanced poleward of ¢. This barotropic forcing results in
negative geopotential tendency throughout the troposphere, as well as rising motion and weak negative temperature
tendency poleward of ¢. All of these features appear with reversed polarity in latitudes equatorward of ¢.

In the upper troposphere, the geopotential tendency induced by vorticity fluxes is stronger than the opposing
effects due to heat fluxes, so that the net eddy forcing retains most of the characteristics of the forcing associated
with barotropic processes alone, but with considerably reduced amplitudes. Near sea level, the geopotential
tendencies induced by heat and vorticity fluxes reinforce each other and are comparable in amplitude. Throughout
the troposphere, the patterns of net geopotential tendency exhibit a positive spatial correlation with those of
the concurrent monthly averaged height anomaly. The characteristic time scale associated with this constructive
eddy forcing in the storm-track region ranges from several days at 1000 mb, to 1-2 months near the tropopause.
On the other hand, the eddy-induced temperature tendency is negatively correlated with the local monthly
mean temperature anomaly. The dissipative time scale for this thermal forcing in the storm-track region is ~10
days at 850 mb.

The barotropic geopotential tendency and the baroclinic temperature tendency are essentially determined by
the convergences of vorticity and heat fluxes, respectively. The eddy-induced secondary circulation plays a
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minor role in these tendencies.

1. Introduction

In recent diagnostic studies of the extratropical at-
mospheric circulation, considerable attention has been
devoted to the structural and dynamical properties of
the wintertime storm tracks over the North Pacific and
North Atlantic. These features are located downstream
and slightly poleward of the East Asian and North
American jet streams. The storm tracks represent the
preferred trajectories of weather systems in the middle
latitudes and are characterized by enhanced variability
with time scales shorter than a week (Blackmon 1976).
The behavior of the synoptic disturbances traveling
along these storm tracks is similar to that simulated in
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life-cycle experiments of unstable baroclinic waves
(e.g., Simmons and Hoskins 1978). By virtue of the
ability of such transient fluctuations to transport heat
and momentum (Blackmon et al. 1977), the storm
tracks are also active sites of eddy-mean flow interac-
tions. The nature of these interactions between the sta-
tionary flow field and the climatological storm tracks
has been examined by Lau and Holopainen (1984),
Wallace and Lau (1985), Plumb (1986), Holopainen
(1990), and others, using circulation statistics averaged
over many winters. In view of the considerable varia-
tions in both the storm tracks and the ambient flow
field on weekly and monthly time scales, some efforts
have also been made in the past few years to delineate
the impact of synoptic eddies in specific circulation
regimes, such as blocking episodes (e.g., Trenberth
1986; Mullen 1987; Holopainen and Fortelius 1987,
Dole 1989; Holopainen 1990; and Nakamura and
Wallace 1990).
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In a recent article, Lau (1988, hereafter referred to
as L) examined the temporal changes in the behavior
of the storm tracks during a 19-year period. By using
the root-mean-square of time-filtered geopotential
height data for a given month as a descriptor of the
position and intensity of the storm tracks for that
month, several well-defined modes of storm-track
variability have been identified in L for each ocean
basin. It was demonstrated that these modes are linked
to characteristic monthly averaged circulation patterns,
many of which bear some resemblance to the recurrent
teleconnection patterns documented earlier by Wallace
and Gutzler (1981) and others. Hence, the alterations
in the geographical location and strength of the storm
tracks go hand in hand with systematic changes in the
more slowly varying background flow. The evidence
presented in L also indicates that the eddy forcing as-
sociated with the convergence of vorticity fluxes in in-
dividual months tends to reinforce the concurrent
monthly mean circulation. Some of the findings in L
have since been substantiated by Metz (1989), An-
derson and Gyakum (1989), and Rogers (1990).

Due to the lack of a comprehensive set of monthly
circulation statistics at the time of the study by L, the
diagnosis of eddy forcing reported therein was limited
to the barotropic effects of vorticity transports at 300
mb only. Neither the vertical dependence of this forcing
nor the nature of the baroclinic effects of eddy heat
transports at various pressure levels were examined in
L. Bearing in mind the distinctly baroclinic character
of the transient disturbances along the storm tracks,
our understanding of the variability of eddy forcing in
these sites of synoptic activity would obviously not be
complete without a full treatment of the impact of eddy
heat fluxes as well. In fact, Lau and Holopainen (1984,
hereafter referred to as LH) have already shown that,
for the climatological case, the effect of the heat fluxes
on the long-term averaged flow in the upper tropo-
sphere actually opposes that of the vorticity fluxes. It
is, hence, important to ascertain the extent to which
the constructive forcing in the upper troposphere due
to barotropic processes is offset by the dissipative effects
of the baroclinic processes on a month-to-month basis.
At the 1000-mb level, the climatological results pre-
sented in LH indicate that both the heat and vorticity
fluxes act to reinforce the long-term averaged flow, and
that the baroclinic forcing is even stronger than the
barotropic effects. The vertical structure of the total
eddy forcing would, therefore, be quite different from
that obtained by considering vorticity transports or heat
transports individually.

The primary object of the present study is to offer a
more complete description of the eddy forcing asso-
ciated with the principal modes of storm-track vari-
ability on a monthly time scale. This goal is achieved
by taking into consideration the dual eftects of vorticity
and heat fluxes, and by documenting the three-dimen-
sional distributions of these eddy effects. For this pur-
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pose, a voluminous dataset (described in section 2)
has been used to compile the requisite variance and
covariance statistics for each winter month. The three-
dimensional structure of the barotropic and baroclinic
components of the eddy forcing for individual months
has been obtained by following the procedure outlined
in LH, which entails the solution of the quasigeostro-
phic geopotential tendency and omega equations (see
section 3). The leading modes of storm-track variability
were identified using the same method as that described
in L (see section 4). The eddy forcing accompanying
two of the storm-track modes were then illustrated by
regression charts of geopotential and temperature ten-
dencies, eddy flux convergences, as well as eddy-in-
duced vertical motion at selected pressure levels (sec-
tion 5). More general relationships. between the eddy
forcing and the local monthly averaged circulation
anomaly were also examined (section 6).

2. Dataset and analysis procedure

The database for the present study consists of daily
analyses (at 1200 UTC) of the analyzed zonal and me-
ridional wind, temperature, and geopotential height for
the 18-winter period from 1966 to 1984. Each winter
season consists of the 5-month period from November
to March. The pressure levels used were 1000, 850,
700, 500, 300, 200, and 100 mb. For the 1000- and
100-mb levels, only the height data were examined.
This dataset was produced by the U.S. National Me-
teorological Center. The data domain extends from
20°N to the North Pole. An elaborate data-checking
procedure has been applied to all data grids, and the
obviously erroneous fields were expunged from the ar-
chives. All missing data grids were then filled by linear
interpolation in the time domain. Among the 18 X §
= 90 winter months in this dataset, there were nine
months with wide data gaps in some of the variables.’
The analyses for the latter months were also deleted,
so that a total of 90 — 9 = 81 winter months were used
in the present study.

To retain only those disturbances with synoptic time
scales, a 21-point bandpass time filter has been applied
to the daily data grids. This digital filter was described
in Blackmon and Lau (1980) and admits fluctuations
with periods ranging from 2.5 to 6 days. For each of
the 81 winter months available, the mean quantities
were computed using the unfiltered data, whereas sec-
ond-moment guantities such as the root-mean-square
(rms) of geopotential height (z'*)!/2, and the transient
eddy fluxes u'v’, u'u’, v'v', u'T’, and v'T’' were eval-
uated using the bandpass-filtered data. Here the overbar
denotes the average for an individual winter month,

! The nine months were February through March 1968; January
through February 1970; December 1974-March 1975; and March
1976.
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the prime represents the bandpass-filtered quantities,
and u, v, and 7 are the analyzed zonal and meridional
wind and temperature, respectively. These variance and
covariance statistics provide a detailed description of
the eddy characteristics at all tropospheric levels, and
for each month in the 8§ 1-month sample. As in L, the
climatological seasonal cycle has been removed from
the statistics for individual months by subtracting from
them the long-term means for the corresponding cal-
endar months.

3. Eddy-induced geopotential tendency and vertical
motion—formulation and interpretations

In this study, the contributions of transient eddy heat
and vorticity fluxes during individual months to the
forcing of the mean flow for the same month are il-
lustrated using eddy-induced geopotential tendency
and vertical motion. The methodology adopted here
is similar to that outlined in LH. The eddy-induced
geopotential tendency may be obtained by solving the
simplified quasigeostrophic potential vorticity equation

1 3 (14d)\)/a® v
{7V2+f—(aap)]( ) DY+ DY, (1)

where

3 (V-VF
H_ ¢ Y
b fap( S )
and

DY=—(V-V'{)

are the eddy forcings due to heat and vorticity fluxes,
respectively. Here ® = gz is the geopotential, 0 = —(a/
6)(80/dp) is the static stability, # the potential tem-
perature, « the specific volume, S = —36/dp, ¢ the
relative vorticity, and all other symbols are used in
their conventional meteorological context. Both ¢ and
S are assumed to be functions of pressure only. The
latitudinal variation of the Coriolis parameter f'is in-
corporated in the following computations. The con-
vergence of vorticity flux may be expressed in terms
of various components of the momentum fluxes, as
shown in Holopainen [1978, Eq. (14)]. In order to
distinguish the effects of the heat fluxes from those of
the vorticity fluxes, Eq. (1) may be solved by inserting
the eddy forcing terms D and D" on its rhs separately.
We shall henceforth refer to the height tendencies as-
sociated with D and D? as Z;¥ and Z,”. The tendency
associated with the combined effects of D¥ and DV will
be denoted as Z,”*¥. The corresponding temperature
tendencies may be obtained using the hydrostatic re-
lationships, that is,
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where R is the gas constant. The numerical procedures
and the boundary conditions used to solve Eq. (1) are
identical to those described in LH (see their section
4), except that the eddy-induced tendencies discussed
in that study were computed using circulation statistics
averaged over eight winter seasons, whereas the ten-
dencies considered in the present work correspond to
eddy forcings for individual winter months. Since no
temperature data are available at 1000 and 100 mb,
the eddy heat flux convergence has been set to zero in
computing both D¥ and the upper and lower boundary
conditions at these two levels. As was mentioned in
LH, the solution thus obtained is identical to that eval-
uated using the actual heat fluxes at the two boundaries
(see also theoretical arguments presented by Bretherton
1966). The vorticity fluxes at 1000 and 100 mb were
computed from the daily height data using the geo-
strophic approximation.

The eddy-induced vertical motion w may be ob-
tained by solving the quasigeostrophic omega equation
(e.g., see Holton 1979, Chapter 6)

TV = -

I _, 1 82 H v
f2V +—7 w=W*+ W~ (2)
where
a1 (V- Vg
W ’fzv( S )
and

vV _ 1 X7
w 7o o (V V'),

We shall use w” and w” to denote the vertical velocity
induced by the eddy forcings associated with the heat
fluxes W* and vorticity fluxes W, respectively. Noting
that Eq. (2) has a similar form as the tendency equa-
tion, w" and w" for individual winter months may be
obtained by following a procedure analogous to that
described in section 4 of LH, with the condition that
o = w¥ = 0 at the lateral, as well as the upper and
lower boundaries. .

To facilitate the physical interpretation of the results
to be presented in the following sections, we shall first
consider the qualitative nature of the eddy-induced
tendencies and vertical motion in the vicinity of the
principal storm tracks. By mapping the distributions
of temporal variance and covariance circulation sta-
tistics, Blackmon et al. (1977), Lau (1979), and others
have documented the properties of synoptic-scale
transient disturbances during the northern winter. The
sites of enhanced eddy activity thus identified are elon-
gated in the zonal direction and span across the North
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TABLE 1. Polarities of the eddy forcing terms and solutions for the
geopotential tendency and omega equations [(Egs. (1) and (2), re-
spectively], as inferred from the spatial configurations of the eddy
heat and vorticity flux convergences in relation to a storm-track axis
positioned at latitude ¢. The double pluses and minuses for D¥ and
2/ at 200 mb indicate that the vorticity forcing in the upper tro-
posphere is stronger than the forcing (of the same sign) near sea level.
Polarities are shown only for the region located poleward of ¢. Po-
larities for the region equatorward of ¢ are opposite of those tabulated
here.

Geopotential tendency

equation
1000 mb 200 mb
D" + -
DY + ++
tH - +
zy - -
1000 mb to 200 mb
V) +
g -
Omega equation
500 mb
wH +
wY +
CI)H -
¥ -

Pacific and North Atlantic (see Fig. 1 of L). The axes
of these “storm tracks” typically lic along the 45°-
50°N latitudes (hereafter denoted as ¢). The charac-
teristics of the eddy heat and vorticity transports in the
vicinity of these active zones may be summarized as
follows:

e The strongest poleward heat flux takes place at ¢
near 850 mb (Blackmon et al. 1977, Fig. 11b), so that
divergence of heat transport prevails equatorward of
¢, and the region farther poleward is characterized by
heat flux convergence (Lau 1979, Fig. 20c).

e The most intense poleward vorticity flux occurs
at ¢ in the upper troposphere (Lau and Wallace 1979,
Fig. 10b), with convergence in the region poleward of
¢, and divergence on the equatorward flank of the
storm-track axis (Lau 1979, Fig. 8).

With these divergence paiterns of the heat and vor-
ticity fluxes in mind, the polarities of the forcing terms
for Eqs. (1) and (2) in various sectors of the storm-
track region may be determined in a straightforward
manner. The results are summarized in Table 1. By
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decomposing both the forcing terms and the solutions
of the two equations considered here into Fourier
components and following the arguments of Holton
(1979, chapter 6), it is seen that the signs of the height
tendency and omega motion are opposite to those of
their corresponding forcing functions. The polarities
of the eddy-induced tendencies and vertical velocity
thus obtained are also shown in Table 1. In the region
poleward of the storm-track axis, the heat fluxes act to
increase the geopotential height in the upper tropo-
sphere and decrease the geopotential near the surface.
In the same region, the vorticity fluxes force negative
height tendencies throughout the troposphere, with the
strongest amplitude being located near the tropopause.
Both the heat and vorticity fluxes induce rising motion
poleward of the storm track and sinking motion farther
equatorward. The eddy-induced vertical circulation is
hence in the same sense as the zonally averaged “Ferrel
cell” in the midlatitudes.

Besides arguing on the basis of the analytic forms of
individual forcing functions, the atmospheric response
to the eddy flux divergences may also be deduced by
applying geostrophic and hydrostatic constraints.
Analogous physical reasoning has been used by Holton
(1979, chapter 6) in discussing the height tendency
and vertical velocity fields for a developing synoptic
disturbance. The schematic diagrams shown in Fig. 1
depict the relevant dynamical processes taking place
along the meridional plane in the storm-track region.
The eddy heat transport across the storm-track axis at
¢ results in the warming of the air column between
points A and B, and cooling of the column between C
and D (see Fig. la). In the region poleward of ¢, hy-
drostatic considerations require an increase in the
thickness field, which corresponds to a positive geo-
potential height tendency at A (indicated by dense
stippling ), and by a negative tendency at B (light stip-
pling). The geostrophic adjustment of the wind field
to these pressure changes leads to an anticyclonic ten-
dency at A, and a cyclonic tendency at B (see direction
of the spin indicated at these locations). Such altera-
tions in the vorticity field are achieved by divergence
at A, and convergence at B. These divergence patterns
are, in turn, linked by rising motion above B (see light
arrows ). Following the nomenclature used by Holton,
we shall henceforth refer to the eddy-induced conver-
gence/divergence and vertical motion as the “second-
ary circulation.” Analogous arguments may be invoked
to infer the reversed polarities of the tendencies and

FiG. 1. Schematic diagram of the tendencies (sinusoidal curves) and secondary. circu-
lations (light arrows) induced by (a) poleward eddy heat fluxes in the lower troposphere,
and (b) poleward eddy vorticity fluxes with amplitudes increasing with height, along a
meridional plane taken at the longitude of a typical storm track. The midpoint of the x
axis in each panel corresponds to ¢, the latitude of maximum synoptic-scale activity.
Positive and negative height tendencies at the 200- and 1000-mb pressure surfaces are
depicted by dense and light stippling, respectively. Anticyclonic and cyclonic tendencies
are indicated by the directions of the spin symbols (appropriate for the Northern Hemi-
sphere) plotted at representative locations. Eastward (westward ) zonal wind tendencies at
¢ are illustrated by plus (minus) signs within open circles.
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secondary circulations in the region equatorward of ¢
(i.e., the column between C and D).

The effects of the eddy vorticity fluxes are 1llustrated
in Fig. 1b. The convergence of vorticity transports
poleward of the storm track leads to positive vorticity
tendencies (and hence negative height tendencies based
on geostrophic considerations ) at both A and B. How-
ever, since the intensity of vorticity fluxes in the tro-
posphere increases with height, the vorticity and height
tendencies at A are stronger than those at B. The thick-
ness of the column between A and B therefore de-
creases. The resulting negative temperature tendency
is achieved by the adiabatic cooling associated with
rising motion in the middle troposphere. Conversely,
the divergence of vorticity fluxes equatorward of ¢ co-
incides with positive height tendencies and sinking
motion. The eddy-induced vertical motions are linked
to convergence and divergence patterns in the upper
and lower troposphere (see light arrows).

4. Principal modes of storm-track variability and the
accompanying monthly mean circulation patterns

The principal modes of storm-track variability on
monthly time scales have been identified by applying
an empirical orthogonal function (EOF) analysis to
the rms fields of bandpass-filtered 500-mb height for
81 individual winter months (see description of data
processing procedure in section 2). The Pacific and
Atlantic basins have been considered separately. Except
for the slight difference in the time span of data cov-
erage, the EOF analysis performed here is identical to
that described in section 3a of L. The percentages of
explained variance for the first several Pacific and At-
lantic eigenvectors obtained in our study are similar
to those described in L. The spatial patterns of the two
or three leading eigenvectors in each ocean basin for
the present dataset (not shown) have a one-to-one cor-
respondence with their counterparts as documented in
L. Some reordering of the eigenvectors occurs beyond
the second- or third-ranked patterns. For the sake of
brevity, we shall henceforth focus our attention on the
variability of the eddy forcing associated with the sec-
ond eigenvector in the Pacific basin (i.e., P2 following
the nomenclature used in L), and the first eigenvector
in the Atlantic basin (hereafter referred to as A1). These
two storm-track modes are selected for in-depth anal-
ysis for the following reasons:

e Among all the eigenvectors obtained, P2 and Al
exhibit the strongest relationships with the monthly
averaged circulation. In particular, P2 is highly cor-
related with the Pacific~-North American pattern (see
Fig. 4b and Table 1 of L) described by Wallace and
Gutzier (1981), and A1l is associated with a charac-
teristic monthly mean pattern (see Figs. 5a and 16a,
and Table 1 of L), which bears some similarities to the
eastern Atlantic pattern (see Wallace and Gutzler) at
500 mb, and the North Atlantic oscillation (see van
Loon and Rogers 1978) at sea level.
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e Both P2 and Al are characterized by a dipole-like
structure in their respective ocean basins (see Figs. 2b
and 3a of L; and Figs. 2a and 3a in the present paper)
and portray meridional displacements of zonally elon-
gated storm tracks from month to month. As will be
demonstrated in the following sections, the P2 and A1
modes are particularly suited for delineating the spatial
relationships between the location of synoptic activity
and the corresponding eddy forcing. The similarity be-
tween the P2 and A1 modes also facilitates independent
checks among the findings obtained separately for the
two ocean basins.

e In view of the strong resemblance between the
monthly mean height anomalies associated with either
of these two storm-track modes and the corresponding
height tendency induced by the anomalous vorticity
fluxes (see Figs. 11c,d and 12a,b of L), P2 and A1 are
probably accompanied by a well-defined set of inter-
active processes between the synoptic-scale eddies and
the ambient flow.

We shall first depict the circulation features pertinent
to the P2 and Al modes by the regression patterns
shown in Figs. 2 and 3. The procedure for constructing
these patterns follows closely that outlined by Naka-
mura et al. (1987). For any given meteorological field
h and any given storm-track pattern I, the correspond-
ing regression pattern has been obtained by mapping
the distribution of linear regression coefficients between
the temporal coefhicients of the EOF associated with
(i.e., P2 or A1) and the data values of # at individual
grid points. This method yields information on both
the spatial pattern and amplitude of the anomalies of
h accompanying the storm-track mode I. Since the
linear properties of the EOFs are not altered by scaling
the temporal coefficients with an arbitrary constant,
the following scaling procedure has been applied, so
that the amplitudes in the regression charts to be shown
here may be interpreted in a straightforward manner:

e A composite pattern of the rms fields of 500-mb
bandpass-filtered height corresponding to the eight
months (i.e., approximately 10% of the 8 1-month data
sample available) with the largest positive EOF coef-
ficients for I was constructed. Similarly, the composite
pattern corresponding to the eight months with the
largest negative coeflicients was obtained. The differ-
ence between these two composite patterns, which
portrays the swing between the opposite extremes of
1, was then calculated.

e The EOF coefficients for I were multiplied by a
constant scaling factor, so that the amplitudes of the
resulting regression pattern of rms of bandpass-filtered
500-mb height are comparable to the amplitudes of
the difference composite chart obtained in the previous
step. (Since the spatial patterns of the difference com-
posite chart and the regression chart bear a strong spa-
tial resemblance to each other even before any scaling
is applied, the scaling factor can easily be determined
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using the representative ratio between the collocated
extrema appearing in these two charts.)

The scaled EOF coefficients for P2 and A1 obtained
with the aforementioned procedure were used as the
reference time series for constructing all regression
maps presented in this paper. In view of the scaling
method used here, the amplitudes of the regression
pattern for any field / and storm-track mode I may be
interpreted as being approximately equal to the am-
plitudes obtained by subtracting the composite of 4 for
10% of the 8 1-month data sample with the most neg-
ative EOF coeflicients for I, from the composite for
10% of the sample with the most positive coefficients.
The rationale for presenting our findings using regres-
sion patterns in lieu of composite charts is twofold.
First, the regression approach provides a convenient
framework for weighting the data of # for each month
according to the numerical value of the EOF coeffi-
cients of I for that month. Second, the information on
h for every month in the dataset is utilized in the
regression procedure, so that the resulting pattern is
representative of the covariability between I and the
entire data record for ~. On the contrary, most com-
posite procedures would make use of information on
A for only those months that exceed a certain threshold
for the EOF coeflicients of 7, and would ascribe equal
weights to all data entering into the composites. These
distinctions between the regression and composite ap-
proaches notwithstanding, detailed comparisons be-
tween the composite patterns { not shown) and the cor-
responding regression charts presented in this study
reveal only minor differences. The conclusions to be
drawn from the regression charts are therefore not too
sensitive to the particular analysis tool employed here.
We should also note that the regression statistics to be
shown here tend to emphasize linear relationships that
are applicable to both the positive and negative phases
of a given storm-track mode I. The application of this
linear procedure is partially justified by the evidence
presented in L (his Fig. 14), who demonstrated that
the correspondence between the eddy forcing and the
monthly mean circulation does not exhibit any notable
dependence on the polarity of I.

Figure 2 shows the regression patterns of the scaled
P2 coefficients versus rms of bandpass-filtered heights
at(a) 500 mb and (b) 1000 mb, as well as the monthly
means of (¢) 200-mb height, (d) 1000-mb height, (e)
200-mb analyzed zonal wind, and (f) 850-mb tem-
perature. The corresponding charts associated with the
Al mode are displayed in Fig. 3. To conserve space,
the plotting domain is confined to the Pacific basin for
Fig. 2 and the Atlantic basin for Fig. 3. The features
appearing outside of the plotting domains are generally
very weak. Panel (a) in these two figures, which depict
the eigenvector patterns associated with the EOF coef-
ficients for P2 and Al, are characterized by a dipolar
pattern with the nodal line coinciding with the axis of
the climatological storm track in the respective basin
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(see Fig. 1 of L). Hence, equatorward (poleward ) shifts
of the storm-track axes prevail in those months with
positive (negative) P2 and A1 coefficients. For the P2
pattern (Fig. 2a), the anomaly lying equatorward of
the nodal line has a higher amplitude and larger spatial
extent than the anomaly located farther poleward. The
reverse situation is true for the Al pattern (Fig. 3a).
Inspection of Figs. 2b and 3b indicates that meridional
migrations of the midtropospheric storm tracks are ac-
companied by corresponding displacements in the sites
of near-surface synoptic activity.

The monthly averaged geopotential height patterns
associated with the P2 mode (Figs. 2c,d) have an
equivalent barotropic structure over much of the Pa-
cific. These regression maps are very similar to the pat-
terns presented in Figs. 11c and 15b of L on the basis
of a composite procedure. The 200-mb chart (Fig. 2¢)
bears a strong resemblance to the Pacific-North Amer-
ican teleconnection pattern documented by Wallace
and Gutzler (1981). The corresponding pattern at the
1000-mb level (Fig. 2d) is dominated by the extremum
located over the North Pacific. Comparison among the
left panels of Fig. 2 reveals that the two extrema in the
rms pattern (Fig. 2a) tend to straddle the North Pacific
anomaly in the 200-mb height pattern (Fig. 2¢), so
that the site of above-normal synoptic-scale variability
is collocated with enhanced monthly mean westerlies
at 200 mb (Fig. 2¢), and vice versa. The regression
pattern for monthly mean temperature at 850 mb (Fig.
2f) is highly correlated with the pattern for 200-mb
height (Fig. 2¢), with above-normal temperatures being
accompanied by positive height anomalies, and vice
versa.

The relationships between the A1 storm-track mode
and the monthly averaged ambient circulation are
analogous to those described for the P2 mode. The
distinct equivalent barotropic character of the height
and temperature fields (Figs. 3c,d, f) and the spatial
correspondence between the sites of eddy activity (Fig.
3a) and the monthly mean zonal wind at 200 mb ( Fig.
3e) are particularly noteworthy. The 200-mb height
anomalies in the Atlantic sector are located in t